We study the radial and longitudinal dependence of 4-13 and 27-37 MeV proton peak intensities and fluences measured within 1 AU of the Sun during intense solar energetic particle events. Data are from the IMP 8 and the two Helios spacecraft. We analyze 72 events and compute the total event fluence (F ) and the peak intensity (J ), distinguishing between the event's absolute maximum intensity and that neglecting local increases associated with the passage of shocks or plasma structures. Simultaneous measurements of individual events by at least two spacecraft show that the dominant parameter determining J and F is the longitudinal separation () between the parent active region and the footpoint of the field line connecting each spacecraft with the Sun, rather than the spacecraft radial distance (R). We perform a multiparameter fit to the radial and longitudinal distributions of J and F for events with identified solar origin and that produce intensity enhancements in at least two spacecraft. This fit determines simultaneously the radial and longitudinal dependences of J and F. Radial distributions of events observed by at least two spacecraft show ensembleaveraged variations ranging from R À2:7 to R À1:9 for 4-13 and 27-37 MeV proton peak intensities, and R À2:1 to R À1:0 for 4-13 and 27-37 MeV proton event fluences, respectively. Longitudinal distributions of J and F are approximated by the form e Àk À 0 ð Þ 2 , where 0 is the distribution centroid and k is found to vary between $1.3 and $1.0 rad À2
INTRODUCTION
The variation with radial and longitudinal distance of particle intensities and fluences measured during large solar energetic particle (SEP) events helps us to understand the conditions for both particle propagation in interplanetary space and particle acceleration at the front of traveling interplanetary shocks driven by coronal mass ejections (CMEs). Knowledge of the radial dependence of particle intensities is also required to estimate the impact of SEPs on interplanetary missions traveling into the inner solar system. The design of instruments on board these space probes requires an estimate of both the expected maximum counting rates of energetic particles at a given radial distance and the expected radiation dosage that may affect the performance of these instruments. Furthermore, knowledge of the radiation dosage is absolutely essential to most spacecraft subsystems, ranging from solar panels to star cameras and all associated electronics.
A descriptive model of SEPs in the heliosphere was assembled during a workshop on the interplanetary charged particle environment held in 1987 at the Jet Propulsion Laboratory in Pasadena, California (Feynman & Gabriel 1988) . The recommended method for estimating the energetic proton environment at heliocentric radial distances (R) other than 1 AU was based on both the results of a numerical model of diffusive energetic particle transport in the heliosphere (Hamilton 1988 ) and measurements of SEP events, mainly in the range of 10 to 70 MeV from 1 to 5 AU (Shea et al. 1988) . Recommendations for radial extrapolation of particle fluxes and fluences measured at 1 AU to other radial distances were adopted by consensus in this workshop and read as follows:
1. To extrapolate proton fluxes from 1 AU to distances R > 1 AU, use a functional form of R À3:3 and expect variations ranging from R À4 to R À3 . 2. To extrapolate proton fluxes from 1 AU to distances R < 1 AU, use a functional form of R À3 and expect variations ranging from R À3 to R À2 . 3. To extrapolate proton fluences from 1 AU to other distances either R < 1 or R > 1 AU, use a functional form of R À2:5 and expect variations ranging from R À3 to R À2 .
The recommendation to extrapolate ion fluxes at different heliolongitudes was based on the observation that ion fluxes at 1 AU decrease on average 1 order of magnitude per radian angular distance between the parent solar flare site associated with the origin of the SEP event and the root of the Archimedean spiral magnetic field passing through the spacecraft (Shea et al. 1988) . The consensus was to scale ion fluxes using the expression 10
Þ , where F is the heliographic position of the parent flare and A is the heliographic position of the spacecraft's magnetic footpoint (both F and A are expressed in radians). Additional studies using observations at R ¼ 1 AU suggest other functional dependences for the longitudinal variations of proton intensities. For example, Ochelkov (1986) deduced that the intensity of SEP events at 1 AU decreases approximately 1 order of magnitude as the longitudinal distance between the observer's magnetic footpoint on the Sun and the parent solar flare site increases by 100
. In order to predict >10 MeV proton intensities at 1 AU from solar flare observations, Balch (1999) used a complex function of the angular distance between the observer's magnetic footpoint and the flare site that may be approximated by a decrease of 1 order of magnitude for every 100 in longitude. Hamilton (1988) and Hamilton et al. (1990) used the spherically symmetric transport model of Parker (1965) to study the radial dependence of peak fluxes and fluences in SEP events. This transport model includes the effects of spatial diffusion, convection, and adiabatic energy loss under the assumption that particle distributions are isotropic and that the focusing effect of energetic particles along the magnetic field is negligible. Neither assumption is well supported by SEP observations in the inner heliosphere, where the focusing effect is an important factor (due to the decreasing magnetic field magnitude with increasing distance from the Sun) and large long-lasting anisotropies are usually observed ( Roelof 1979; Heras et al. 1994 ).
The transport model developed by Hamilton et al. (1990) assumes that particles are injected at the Sun following a delta function in time and propagate in a flux tube whose cross section expands as R 2 . The particle transport is characterized by the spatial diffusion of the particles that is conveniently parameterized by a radial diffusion coefficient K r . By using this transport model to fit the observed time-intensity profiles of five SEP events, these authors deduced radial dependences of K r that, properly parameterized, allow them to infer time-intensity profiles of the SEP events at several radial distances. In particular, Hamilton et al. (1990) deduced that 10-20 MeV proton peak fluxes fall off with increasing radial distance as R À3:3AE0:4 and the event fluence falls off as R À2:1AE0:3 . These radial dependences depended on the parameters used to fit the time-intensity profiles of the five SEP events. It is important to note that these events were observed by spacecraft located mostly beyond 1 AU. Ng & Reames (1994) studied the interplanetary transport of energetic particles injected near the Sun but included the propagation effects of Alfvén waves amplified by the streaming particles. They argued theoretically that the growth of waves induced by the distribution of streaming particles would increase the scattering of the particles, so that particle intensities observed at a given radial distance may be limited by a certain amount (known as the streaming limit intensity). Ng & Reames (1994) deduced an $R À3 dependence for the $1 MeV proton streaming limit intensities. Later Reames & Ng (1998) compared 3-6 MeV proton intensities measured by the Helios 1 and Helios 2 spacecraft in solar cycle 21 at distances R ranging from 0.3 to 0.98 AU with 4.2-8.7 MeV proton intensities measured by the GOES spacecraft in solar cycle 22 at R $ 1 AU. These authors considered only those intensities measured during the initial component of the SEP events and presumably limited by this transport process; i.e., they neglected particle enhancements associated with shock passages, also known as energetic storm particle (ESP) events. Reames & Ng (1998) concluded that the limited intensities observed for R > 0:5 AU were consistent with the R À3 dependence found in the numerical simulation of Ng & Reames (1994) .
The transport models of Hamilton et al. (1990) and Ng & Reames (1994) did not consider the contribution of particle acceleration by traveling interplanetary shocks that may dominate the particle intensity profiles observed in large SEP events, especially at low (<20 MeV) proton energies (Cane et al. 1988) . Smart & Shea (2003) noted that peak intensities and fluences of SEP events dominated by interplanetary shock effects do not scale with radial distance, as suggested by either the recommended power laws (Shea et al. 1988) or those deduced from transport models ( Hamilton et al. 1990; Ng & Reames 1994) .
Models assuming the continuous contribution of particle acceleration by traveling interplanetary shocks (e.g., Aran et al. 2005; Ruzmaikin et al. 2006 ) obtain radial profiles of particle peak fluxes and fluences that depend on both the energy of the particles and the parameters used in the model to characterize the shock formation, particle acceleration at the shock, and the transport of both SEPs and shocks. The continuous contribution of energetic particles from a traveling shock may produce particle intensity gradients that can be either gentler or steeper than R À3 . The parameters that determine these radial dependences are the relative ability of the shock to accelerate particles, the particles to escape from the vicinity of the shock, the speed and strength of the shock as it travels away from the Sun, and obviously, the heliolongitude of the parent solar activity (Aran et al. 2005) .
In this paper we use energetic particle observations to deduce the radial and longitudinal dependences of peak particle intensities and particle fluences of SEP events at heliocentric radial distances R < 1 AU. The observations are fit to a three-parameter function of radius and longitude, with no reference to theoretical models. The two Helios spacecraft offer us the unique opportunity to explore SEP events in the innermost part of the heliosphere. Helios 1 (launched in 1974 December) and Helios 2 (in 1976 January) were in highly eccentric orbits around the Sun, with heliocentric radial distances between 0.3 and 0.98 AU and inclinations of up to AE7 in heliographic latitude. Contemporary energetic particle data from the Earth-orbiting Interplanetary Monitoring Platform (IMP 8) allow us to study the same SEP event simultaneously observed by two or three spacecraft located at different heliolongitudes and different heliocentric radial distances. The use of simultaneous observations of the same SEP event by either two or three spacecraft has the advantage that unknown functions such as the ability of the shock to accelerate particles can be reduced by studying only relative variations of particle intensities with radial and angular distances.
Prior analyses of Helios data have been focused on individual aspects of the study of SEP events. For example, studied 39 SEP events simultaneously observed by both Helios spacecraft and analyzed the variation of the maximum intensities with the angular distance between the parent solar flare and the observer's magnetic footpoint. Variations in particle intensity with azimuthal distance were found, in general, to be large and to have a stronger influence than the radial distance between the two spacecraft. showed that 0.3-0.8 MeVelectron peak intensities in SEP events observed simultaneously by the two Helios spacecraft are governed by the angular distance between observer and the parent solar flare, with large variations in the e-folding angle from event to event. The $0.5 MeV electron intensities decrease by 1 order of magnitude every 15 to 60 , with a mean value of 29 , corresponding to an e-folding angle varying between 7
and 26 , with a mean value of 13 (see also Schellert et al. 1985 for a first analysis of the electron events observed by Helios). noted a similar broad spread of e-folding angles for $10 MeV proton peak intensities, but no quantification was provided. McGuire et al. (1983) studied the variation of 11-60 MeV proton peak intensities with the longitudinal distance between the associated flare site and the magnetic connection of the observer for a limited number of SEP events observed simultaneously by Helios 1/2 and IMP 7/8. Since data points were obtained at different radial positions, these authors used an empirical radial correction factor to renormalize the peak fluxes at different distances. This correction factor was considered to be proportional to R Àn with 2 n 3 and adjustable to get a minimum overall spread of the data points ( Kunow et al. 1991) . McGuire et al. (1983) deduced that the distribution of peak fluxes versus distance between flare site and magnetic footpoint of the spacecraft was relatively flat close to the flare longitude, but it was followed by a steep variation at larger angular distances. They deduced an intensity drop of 2 orders of magnitude for a 60 increase in longitudinal distance, corresponding to an e-folding angle of 13 . McGuire et al. (1983) interpreted these results in terms of coronal diffusion without considering the possible effects of shocks driven by CMEs and how the efficiency of shock acceleration varies with longitude and radial distance.
In order to estimate how the efficiency of particle acceleration in shocks varies with longitude and radial distance, it is necessary to consider either multispacecraft observations of CME-driven shocks or models of particle injection at traveling CME-driven shocks. Kallenrode (1996) analyzed proton intensities at the time of individual shock passages observed by both Helios spacecraft and showed that the local acceleration at the shock of $10 MeV protons decreases roughly symmetrically with increasing angular distance from the nose of the shock (identified as the longitude of the parent solar flare site) with e-folding angles that vary from 4 to 180 and a median e-folding angle of 10 . stated that the efficiency of shock acceleration for $30 MeV protons decreases along the shock front faster than for $4 MeV protons, but no specific quantification was provided. Models that combine energetic particle transport plus particle injection at traveling shocks predict that the efficiency of the shocks in particle acceleration decreases as the shocks propagate outward from the Sun, but the main factor that determines the timeintensity profiles of the SEP events is the changing magnetic connection between the observer and the traveling shock ( Lario et al. 1998 ). Kallenrode (1997a) used the following functional form to describe the injection of shock-accelerated particles at the point of the shock front that magnetically connects with the spacecraft (called the ''cobpoint,'' after Heras et al. 1995) :
where R t ð Þ and t ð Þ are the radial and azimuthal coordinates of the cobpoint that vary with time as the shock travels away from the Sun, is a free parameter of the model, and c is the characteristic e-folding angle that describes how particle injection at the shock varies with azimuthal distance. By keeping c constant at 10 , Kallenrode (1997a) fit the time profiles of 4-13 MeV proton intensities and anisotropies of 44 SEP events observed by the Helios spacecraft and deduced that the index may vary between À5.5 and +4.5, with a median of À2.
In contrast to all previous works, we propose to quantify simultaneously the radial and azimuthal dependence of peak intensities and fluences by using data from 1 AU and the two Helios spacecraft. One of the recommendations for future work already adopted in 1987 at the workshop on the interplanetary charged particle environment ( Feynman & Gabriel 1988) was the use of Helios 1 and Helios 2 data, together with Earth-orbiting IMP data, to determine the radial dependence of peak ion fluxes and fluences within 1 AU. Attempts to quantify the radial and longitudinal dependences using a limited number of events (e.g., Krimigis et al. 2000; 4 Rosenqvist 2003) revealed that peak intensities and fluences do not support, in general, the recommended radial dependences. For example, Krimigis et al. suggested an R À1 dependence as an upper limit to estimate radiation dose from R $ 1 to $0.3 AU. Rosenqvist (2003) studied 11 SEP events observed by the two Helios spacecraft but did not deduce any specific law for the radial variation of peak intensities and fluences. Rosenqvist (2003) , however, averaged the particle intensities observed by the two Helios spacecraft over the time intervals that both spacecraft spent over seven equally spaced bins of heliocentric radius from R ¼ 0:3 to 1.0 AU (each bin has a width of ÁR ¼ 0:1 AU). Radial dependence of the particle intensities averaged over these radial bins varies with particle energy and ranges from R À0:77 for >4 MeV protons to R þ1:0 for >51 MeV protons. The radial variation of fluences (computed as integration of the particle intensities over the time intervals that both spacecraft spent in each ÁR bin) varies from R À1:1 for >4 MeV protons to R À0:05 for >51 MeV protons. To our knowledge, no comprehensive statistical analysis of the ion data in SEP events from both the Helios spacecraft and the IMP 8 spacecraft has been used to deduce both the radial and azimuthal dependence of peak intensities and fluences. In x 2 we describe the data sources and our SEP event selection. Section 3 shows the results of our statistical analysis of the selected events. Section 4 deals with those SEP events where the footpoint separation is minimal. Finally, x 5 presents the conclusions of the present analyses.
OBSERVATIONAL DATA AND EVENT SELECTION
In this paper we study intense SEP events observed during time intervals when data were available from at least two spacecraft located at different heliocentric radial distances and /or different heliolongitudes. We use data from the two Helios spacecraft whose heliocentric radial distances R range from 0.3 to 0.98 AU and from the Earth-orbiting spacecraft IMP 8 with R close to 1 AU.
The particle data from the Helios 1 and Helios 2 spacecraft were obtained by the identical University of Kiel cosmic-ray instruments (Kunow et al. 1977) . In this study we use hourly averages of the spin-averaged intensities measured in the 4-13 and 27-37 MeV proton channels obtained from the National Space Science Data Center ( NSSDC ).
5 Particle data from IMP 8 were measured by the Charged Particle Measurement Experiment (CPME; Sarris et al. 1976 ). Interpolating the energetic particle spectra measured by the differential energy channels of the IMP 8 CPME (from $0.3 to >100 MeV ) we generate two differential energy channels directly comparable to the 4-13 and 27-37 MeV proton channels of the two Helios spacecraft.
We have analyzed particle data for the years 1976-1982. Note that Helios 2 stopped providing data in 1980 March. We selected SEP events for which (1) in at least one spacecraft the 4-13 MeV proton intensities were above 10 0 particles (cm 2 s sr MeV ) À1 ; (2) at least one of the other two additional spacecraft was operative throughout the event, i.e., with sufficient data coverage to allow identification of either the peak intensity or the lack of a particle intensity enhancement; and (3) the SEP event was isolated from other additional SEP events that might have contributed to the peak intensity and fluence of the main event. The intensity threshold was applied in order to reduce the number of events to analyze and is based on the averaged quiet-time background intensity level [less than 10 À3 particles (cm 2 s sr MeV ) À1 ]. Table 1 lists the solar origin and spacecraft location for the selected events. Fortunately, most of these SEP events have already been discussed by many authors (Kahler 1982; Evenson et al. 1982; Sanahuja 1988; Sheeley et al. 1985; McDonald & van Hollebeke 1985; Cane et al. 1986 Cane et al. , 1991 Heras et al. 1994; Kallenrode et al. 1992 Kallenrode , 1997a Reames et al. 1996 Reames et al. , 1997 Daibog et al. 2000) . The association between the origin of the SEP events and specific solar flares is based on either the above works or the temporal coincidence with intense solar flares listed in Solar Geophysical Data (SGD). For each event, column (1) of Table 1 lists the date when the onset of the event occurred; column (2) the H location of the associated flare (when known); column (3) the reference where the association between the solar origin and the SEP event is made; column (4) the time of the maximum of the soft-X ray emission (as reported by either SGD or the indicated reference); column (5) the heliographic inertial longitude Flare of the flare site computed from the solar longitude of the flare site as seen from the Earth and the Earth's heliographic inertial longitude; column (6) the spacecraft (SC ) we are referring to ( H1 for Helios 1, H2 for Helios 2, and I8 for IMP 8); columns (7) and (8) the heliocentric radial distance R and the heliographic inertial longitude SC of each spacecraft; and finally, column (9) lists the heliographic inertial longitude Foot of the footpoint of the magnetic field line connecting each spacecraft with the Sun.
The footpoint of each spacecraft on the Sun is computed by assuming both a Parker spiral for the interplanetary magnetic field (IMF) configuration and a constant solar wind speed of 450 km s
À1
. Kallenrode et al. (1992) and used the actual measured solar wind speed to locate the footpoint of the Helios spacecraft in some of these selected SEP events. Differences between the footpoints computed by Kallenrode et al. (1992) and and those listed in Table 1 , the footpoint for an observer at 1 AU would be 6
westward from the nominal W52 considered here. This longitudinal distance becomes smaller at heliocentric radial distances R < 1 AU.
Within data availability, we have computed for each event the peak intensity and the event fluence as measured in the 4-13 and 27-37 MeV proton channels (Table 2 ). In computing the maximum intensity reached during SEP events, we have distinguished between the time-intensity profiles in which (1) the maximum intensity is observed during the prompt component or the intensity plateau of the SEP event (we identify these events as class 0 in Table 2 ), (2) the events in which the maximum intensity is reached in association with either the passage of a transient interplanetary shock or a local plasma structure superposed in the normal evolution of the time-intensity profiles (identified as class 1 in Table 2 ), and (3) the events in which the peak intensity is reached after an overall continuous intensity increase from the onset of the event (identified as class 2). For those events classified as class 1 we have also estimated the maximum intensity measured during the prompt component of the event or the intensity plateau observed before the ESP event. In Table 2 we have also indicated, for those events classified as class 1, when the maximum intensity occurs in association with either the shock passage or any other local plasma structure. Examples of how one can distinguish between local intensity enhancements associated with the passages of these structures and intensities measured at the initial component, i.e., by removing the local intensity enhancements, are shown in Kallenrode et al. (1992) . Figures 1 and 2 of Reames et al. (1996) also sketch the timeintensity profiles of SEP events and indicate where the maximum intensities of both components of the SEP events occur as a function of both the solar flare longitude and the strength of the associated shock. In this paper the terms ''peak intensity'' and ''maximum intensity'' are used interchangeably to describe the largest intensity measured in a SEP event, either associated with the passage of a CME-driven shock or local plasma structure (class 1 event), during its initial component (class 0 event) or after an overall continuous increase (class 2 event). Figures 1a and 1b show the 4-13 and 27-37 MeV proton intensities of one of the selected SEP events (event 27 in Table 1 ) as observed by Helios 1 (black traces), Helios 2 (blue traces), and IMP 8 (red traces). Figure 1c shows the location of the three spacecraft on the day of the onset of the SEP event and their nominal magnetic connection with the Sun. In Figures 1a and 1b we have indicated the absolute maximum intensity observed during the event by each spacecraft (solid dots) and the maximum intensity, but without considering the local intensity enhancement associated with the shock passage (diamonds).
The 4-13 MeV proton intensity-time profiles for this event are classified as class 1 for Helios 1 and Helios 2 and class 2 for IMP 8; whereas the 27-37 MeV proton intensity time-profiles are classified as class 0 for all three spacecraft, since maximum intensities were observed well before the passage of shocks.
To compute the event fluence F in units of particles (cm 2 sr MeV )
, we have first subtracted the preexisting intensity observed before the onset of the SEP event and then integrated the differential fluxes measured in each energy channel over the time interval that the particle intensities take to return to the preevent level (or until a new SEP injection occurs if particle intensities have already decayed significantly from its maximum intensity). We do not compute the fluence if a new particle injection occurs before the decay phase of the SEP event has been established (such events are indicated in Table 2 ). Integration of particle intensities over time is performed by the five-point Newton-Cotes method. Event fluences are dominated by the peak intensities and the exact selection of the time interval does not change substantially the Tables 1 and 2 ). Vertical lines identify the passage of interplanetary shocks as identified by Volkmer & Neubauer (1985) over Helios 1 (black line) and Helios 2 (blue line). Dots indicate the maximum peak intensity (color coded for each spacecraft); diamonds indicate peak intensities without considering the intensity enhancement associated with the shock passage, and squares indicate the time interval over which event fluences were computed. (c) Location of Helios 1 (black dot), Helios 2 (blue dot), and IMP 8 (red dot) on the day of the onset of the SEP event. Black, blue, and red lines show the nominal magnetic connection of Helios 1, Helios 2, and IMP 8, respectively, with the Sun.
values of the fluence. In the case of the SEP event shown in Figure 1, the time interval over which we compute the fluence is bounded by the square symbols in Figures 1a and 1b . (3)- (7) but for the 27-37 MeV proton channel. Times, peak intensities, and event fluences listed in Table 2 are based on the 1 hr resolution data used in the present analyses. The events for which no intensity increase was detected are indicated by ''N'' in Table 2 . Note that we do not distinguish those events for which preevent intensities were already elevated, thus hindering the observation of new particle increases. Columns (5) and (10) contain also, for those events classified as class 1, the peak intensity measured without considering the local intensity enhancement associated with either shocks or local plasma structures (i.e., measured during the prompt component or plateau intensity).
The existence of data gaps close to the maximum intensity or the occurrence of new particle events during the decay phase of the SEP events prevents us from computing the fluence of a number of events (as indicated in Table 2 ). When data gaps occur in the decay phase of the event, filling them by either linear or parabolic interpolation of the data points leads to results that do not change substantially from those computed by the five-point Newton-Cotes method.
STATISTICAL ANALYSES
The top three panels of Figures 2 and 3 show the radial distributions of the absolute maximum particle intensity (Figs. 2a and  3a) , the peak intensity without considering enhancements associated with shocks or local plasma structures (Figs. 2b and 3b) , and the event fluence (Figs. 2c and 3c) as measured in the 4-13 and 27-37 MeV proton channels, respectively. For clarity purposes, those events for which no particle enhancement was observed (indicated by ''N'' in Table 2 ) are artificially plotted in the lower axes of Figures 2 and 3. Red symbols indicate events observed by IMP 8, whereas black and blue symbols are for those events observed by Helios 1 and Helios 2, respectively. Green lines connect events simultaneously observed by two or three spacecraft, whereas the thin blue lines connect those events observed by two or three spacecraft but in which one of the spacecraft did not detect any particle intensity increase.
For those events whose parent solar flare is identified (Table 1) , we plot in the bottom panels of Figures 2 and 3 the longitudinal distribution of the absolute maximum peak intensity (Figs. 2d and 3d ), the peak intensity without considering enhancements associated with either shocks or local plasma structures ( Figs. 2e and 3e), and the event fluence (Figs. 2 f and 3f ) as measured in the 4-13 and 27-37 MeV proton channels, respectively. Horizontal axes in Figures 2d-f and 3d -f indicate the angular distance between the parent flare site and the footpoint of the magnetic field line connecting each spacecraft with the Sun ( ¼ Flare À Foot ). Well-connected events have close to 0 . As seen from an Earth-orbiting spacecraft (i.e., events observed by IMP -8; red symbols), events associated with solar flares at longitudes <W52 (i.e., east of W52 ) lie to the left of the figures (i.e., < 0 ), whereas events generated close to the west limb and beyond lie to the right of the figures (i.e., > 0 ). Since flare associations are established in terms of Earth-based observations, most of the events are at the left of the figures. The two Helios spacecraft observed events associated with flares distant from their magnetic footpoints, which may result from particle injection by broad coronal shocks (Cliver et al. 1995) . We understand that the flare site is not necessarily centered on the CME associated with the origin of the SEP event and that there could easily be a difference of $10 -20 between the flare and the presumed CME direction. Green lines in the fluence panels (Figs. 2c-3c and 2 f-3f ) connect those events where fluence computation was possible, whereas thin blue lines connect those events where one or two spacecraft did not measure any particle intensity enhancement.
The three top panels of Figures 2 and 3 show that while some events at R < 1 AU show higher intensities and fluences than those measured at 1 AU, there is no systematic increase with decreasing radial distance. In fact, there are several examples of events where higher intensities were observed at larger heliocentric radii. For example, Figure 3 of shows the event on 1979 April 27 in which Helios 1 at R ¼ 0:47 AU observed a higher 4-13 MeV proton intensity than Helios 2 at R ¼ 0:36 AU. In this case the observed radial dependence is opposite to what is expected from, for example, an R À3 dependence. This opposite radial dependence is also observed in other SEP events at both low-energy ($120 keV ) ions (Sanahuja et al. 1983 ) and 0.3-0.8 MeV electrons . Figures 2a and 3a show that the maximum intensities of several events observed by Helios 1 and Helios 2 are larger than the highest intensity ever observed by IMP 8. The event on day 330 of 1982 (event 70 in Tables 1 and 2 ) constitutes the highest intensity observed by Helios 1 at the energies analyzed in this paper. Details of this event can be found in . Helios 1 was at R ¼ 0:73 AU and well aligned with the site of the associated flare. Peak intensity occurred in association with a strong interplanetary shock (see Fig. 4 in . Kallenrode (1997a) used equation (1) to model the particle injection from the associated CME-driven shock during this event and deduced a radial index ¼ 0 AE 1. The exceptionally large intensities measured during this SEP event at Helios 1 could be considered as a worst-case scenario for the estimation of particle intensities in the innermost part of the heliosphere.
The bottom panels of Figures 2 and 3 show that peak intensities and fluences are much better organized in terms of than in terms of R. The event depicted in Figure 1 (event 27 in Tables 1  and 2) is very instructive; it shows that the longitudinal distance has a stronger effect than the radial distance. All three spacecraft (Helios 1, Helios 2, IMP 8) were near 1 AU (R ¼ 0:95, 0.93, and 0.99 AU ), but their estimated footpoints were moderately separated ( Foot ¼ 64 , 103 , and 135 ), while the flare longitude was at Flare ¼ 26 . Consequently, all the spatial dependence in this event was in longitude. Although the radial distances of the three spacecraft were similar, the peak intensities varied by 2 orders of magnitude and were well ordered with the increasing distance between the footpoint and the flare site ( Fig. 1c) .
Figures 2d-f and 3d-f also show that the maximum values of both peak intensities and fluences occur at close to about 0 or slightly negative (east of the footpoint). From Figures 2 and 3 , it is clear that, on average, the azimuthal distance to the flare site has a stronger influence on the particle intensity and fluence than the radial distance. We propose the following functional form to describe the radial and longitudinal distributions of particle intensities and fluences shown in Figures 2 and 3 :
where a ¼ 1 AU, 0 is the centroid of the event, k characterizes the Gaussian dependence of particle intensities with azimuthal distance, n the decrease of particle intensities with radial distance, R is the observer's heliocentric radial distance, and is the longitudinal distance between parent flare site and observer's magnetic footpoint. The Gaussian standard deviation is related to
. It should be noted that equation (2) is only a crude characterization of the physical processes involved in the development of SEP events. The assumption that R and are separable variables is not necessarily true. For example, the efficiency of shocks in particle acceleration depends on both the Radial distribution of 4-13 MeV proton peak intensities (a), peak intensities without considering intensity enhancements associated with either shock or local transient structures (b), and event fluences (c). Bottom: Longitudinal distribution of 4-13 MeV proton peak intensities (d ), peak intensities without considering intensity enhancements associated with either shock or local transient structures (e), and event fluences ( f ). Black, blue, and red symbols indicate events measured by Helios 1, Helios 2, and IMP 8, respectively. Those events for which no intensity increase was observed are plotted at the bottom horizontal axis. Green lines connect those events observed simultaneously by two or three spacecraft with intensity enhancements. Blue thin lines connect those events for which no intensity enhancement was observed.
location of the shock with respect to the Sun and the location of the cobpoint on the shock front with respect to the nose of the shock (Heras et al. 1995; Kallenrode 1997b; Lario et al. 1998) .
There is a different value of j 0 in equation (2) for each individual event. It can be algebraically eliminated by combining observations at pairs of spacecraft during the same event. Combination of data from pairs of spacecraft using equation (2) leads to a function with three parameters A, B, and C:
where A ¼ 2k 0 , B ¼ -k, C ¼ n, and 0 are the flare-footpoint distances of the two spacecraft, R and R 0 are the heliocentric radial distances of the two spacecraft, and j and j 0 are the quantities (either peak intensities or fluences) measured by the two spacecraft during the same SEP event. For those events observed by three spacecraft, we evaluate equation (3) by combining the pairs of spacecraft that observed the same event, which results in three equations. For those events observed by only two spacecraft, we consider only one equation (3). Assuming that the parameters 0 , k, and n are the same for all events, we solve the set of equations in the least-squares sense, considering only those events with finite intensity enhancements (i.e., those events connected with green lines, in Figs. 2 and 3) . The results are shown in Table 3 . To show the influence of the event with the largest intensity ever observed by Helios 1 at these energies, we add in Table 3 and in parenthesis the values of the parameters n, 0 , and k obtained from the distributions excluding the event 70.
When considering only the events connected by green lines in Figures 2 and 3 , we bias the results against the narrow events, since we explicitly consider events observed by at least two spacecraft and reject events observed by only one spacecraft. When considering three pairs of spacecraft for those events observed by three spacecraft, we introduce another bias because the events observed by three spacecraft are given a greater weight than the events observed by two spacecraft alone. In order to see how much the results in Table 3 are affected by this latter bias, we have performed the same calculation, except that we considered, for those events observed by three spacecraft, only the two pairs of spacecraft whose magnetic footpoints are closest in longitude with respect to the flare site (i.e., we only consider the two pairs of spacecraft with smallest j À 0 j, where and 0 are the longitudinal distance between the flare site and the footpoint of each spacecraft). The results of the least-squares fit using this latter procedure are listed in Table 4 . We find that the results obtained with the two computation methods are consistent within our 1 error bars. The only marginal difference is observed in the values of 0 for the distribution without shock or local intensity enhancements (cols.
[3] and [6] in Tables 3 and 4 ) that are slightly more negative in Table 4 . Large events observed by distant spacecraft are usually associated with strong shocks. By giving less weight to the most distant pair of spacecraft, we favor those events observed close to the Sunobserver line. Therefore, the distributions shift to negative values of , where the bulk of points in Figures 2d-2f and 3d-3f lie. Tables 3 and 4 show that the angular distributions of peak intensities (cols. . This is a result of the motion of the cobpoint along the shock front as the shock moves away from the Sun. The initial components of the events result from particle injection when the shock is still close to the Sun. High-energy particles result from particle injection from the strongest regions of the shock front when the shock is still close to the Sun. Therefore, the better the connection between the observer and the nose of the CME-driven shock, the higher the particle intensity in both the initial component of the SEP events and at the high-energy channels, and hence the closer to 0 the values of 0 . Intense ESP events are observed when the nose of the shock reaches the observer. This occurs for those events generated close to the observer-Sun line and hence produces the negative values of 0 in the absolute peak intensity distributions (cols.
[2] and [5] in Tables 3 and 4) . Events with the highest fluences are also generated from flares close to the Sun-observer line (Shea & Smart 1996 )-hence the negative values of 0 in the fluence distributions (cols.
[4] and [7] in Tables 3 and 4) .
The values of k shown in Tables 3 and 4 indicates that the rate of decrease in particle intensity with the angular distance between the flare site and the observer's footpoint increases as this longitudinal distance becomes larger. For comparison with earlier results, we note that a linear approximation to this functional form (with k ¼ 1:2 rad À2 ) can be given by /10 À0:4 when (expressed in radians) decreases between 10 and 40 , whereas the linear approximation is /10 À2:1 when (expressed in radians) decreases between 40 and 180 . These values correspond to e-folding angles of 62 for 10 40 , and 12 for 40
180
. Therefore, the decrease in particle intensity per radian angular distance away from the flare site is less than 1 order of magnitude when the footpoint is close to the flare site and greater than 1 order of magnitude when the footpoint moves farther from the flare site.
The index n defining the radial dependence of peak intensities and fluences varies with the energy of the particles, being smaller at high than at low energies. When considering the absolute maximum of 4-13 MeV proton intensities (i.e., cols.
[2] and [5] in Tables 3 and 4) , we find that the radial variation is steeper than when considering only maximum intensities without local enhancements Tables 3 and 4 ). Owing to the stronger shock contribution to the particle intensities at lower energies, the difference between the index n in columns (2) and (5) and (3) and (6) is larger at low than at high energies. Particle intensities and event fluences decrease faster with radial distance at low than at high energies. One possible explanation is that transport processes such as pitch-angle scattering, and indirectly energy loss, are more effective at low than at high energies ( Ruffolo 1995) . The results given in Tables 3 and 4 show that the radial dependence of both particle intensities and event fluences for both energy channels is weaker than that recommended to extrapolate particle intensities and fluences at R < 1 AU (Shea et al. 1988 ).
SEP EVENTS OBSERVED BY TWO SPACECRAFT WITH CLOSE (<20 ) FOOTPOINTS
In order to minimize the effect of the longitudinal dependence on the SEP intensities, it is essential to find SEP events for which the footpoints of at least two spacecraft were close in longitudinal distance. Figures 4-6 show three events for which the nominal footpoints of Helios 1 and IMP 8 were less than 20 apart. The peak intensities for two of these events (Figs. 5 and 6) are less than 10 0 particles (cm 2 s sr MeV) À1 , so that they do not appear in either Tables 1 and 2 or the statistical analysis, because they did not meet the selection criteria. Figure 4 corresponds to event 16 in Table 1 , which had one of the highest 4-13 MeV proton intensities ever observed by Helios 1. Peak intensities at Helios 1 and IMP 8 (Figs. 4a and  4b , dots) were observed after the passage of a shock at each spacecraft (vertical lines) and were most likely affected by local plasma and magnetic field structures formed downstream of both shocks. We have also considered the maximum intensities reached before the passage of the shocks ( Figs. 4a and 4b, diamonds) . Considering that nominal footpoints of both spacecraft were less than 7 apart (187 and 194 , where the flare longitude was 104 ), it is a good assumption that both spacecraft were connected to approximately the same source regions throughout the upstream duration of the event (i.e., before the passage of the shocks). Therefore, one would expect that differences in peak intensities early in the event should result from the different radial distances of the two spacecraft. Particle fluences at both spacecraft were computed over the time interval spanning from the onset of the event up to the time when intensities returned to the preevent level (Figs. 4a and 4b, squares) . Similarly to event 27 (see Fig. 1 and Reames et al. 1996) , comparable intensities decreasing at the same rate were observed by the two spacecraft after the passage of the shocks. This period of equal intensities lasted for $5 days in event 27 (Fig. 1) , but only for about $2 days in event 16 (on day 123 Helios 1 entered into a different regime of solar wind and magnetic field ). The formation of these large volumes sunward of the magnetic field disturbances driven by the CMEs with no measurable longitudinal (in the case of event 27, Fig. 1 ) and radial (in the case of event 16, Fig. 4 ) gradients in particle intensities have been termed ''reservoirs'' by Roelof et al. (1992) . Even though there were striking differences in the rise phases of both events at each spacecraft, there were no radial or longitudinal gradients within their reservoir phases. Figure 4d shows the radial dependences of peak intensities and fluences resulting from the two-point measurement of event 16. The two energy channels show similar dependences for the absolute maximum intensities ($R À2:3 ) and for event fluences ($R À1:6 ). Both radial dependences are less steep than those inferred from diffusive transport models ( Hamilton et al. 1990) . Differences between the two energy channels are evident in the peak intensities measured during the initial component of the events (Figs. 4, diamonds) , where higher 27-37 MeV proton intensities were measured at IMP 8 than at Helios 1. Whereas for Helios 1 the prompt peak was observed after a rise lasting only 1 or 2 hr, the rise phase was much slower ($1 day) at IMP 8. A radial gradient as $R À2 obtained from the peak without local enhancements in Tables 3 and 4 would imply a prompt component at IMP 8 down by a factor of $10 from that of Helios 1. However, intensities at IMP 8 rose slowly until a first peak reached at much higher values and more than a day after the parent flare. Therefore, the first peaks at Helios 1 and IMP 8 were of different nature but have been treated as equivalent in our statistical analysis.
Figures 5 and 6 show two small SEP events observed within a few days of difference. In both cases the maximum intensities were reached early in the events. Figure 5 shows that 27-37 MeV proton peak intensities were similar at both spacecraft, whereas the event in Figure 6 did not show any intensity enhancement at high energies. Again 4-13 MeV proton dependences of peak intensity and fluences are less pronounced than those recommended by Shea et al. (1988) . Both the similarity between 27-37 MeV proton peak intensities in the event on day 169 of 1981 and the longer duration of the event at IMP 8 lead to a slightly higher fluence at 1 than at 0.33 AU. The longer decay phase of the 27-37 MeV proton event at 1 AU may result from the more numerous transport effects undergone by particles arriving late on the event at 1 AU, whereas at 4-13 MeV the shock contribution may have prolonged the event at Helios 1.
The event on day 154 of 1980 (event 40 in Tables 1 and 2 ) has the interesting property that, even though the nominal connection between IMP 8 and Helios 1 was very close, IMP 8 hardly observed any intensity increase. This may result from either energetic particle dissipation from one spacecraft to the other (implying a steep radial dependence of peak intensities) or that the two spacecraft were not really magnetically connected, as suggested by the nominal Archimedean spiral. Detailed analysis of the interplanetary magnetic field structures formed between Helios 1 and IMP 8 that might have impeded the particle transport from one spacecraft to the other is beyond the scope of the present study. The effects that these structures have on the particle intensities observed beyond 1 AU have been analyzed elsewhere (e.g., Lario et al. 2004) .
CONCLUSIONS
We use simultaneous observations of intense SEP events by the Helios 1, Helios 2, and IMP 8 spacecraft to deduce the variations of peak intensities and fluences with radial and azimuthal distance. The main conclusions of our analysis are summarized as follows: 1. Statistically, the radial dependence of peak intensities and fluences is, for the trend over the analyzed events, of lesser importance in comparison to the longitudinal dependence.
2. The dominant parameter that determines the peak intensity and fluence of a SEP event is the longitudinal distance between the magnetic footpoint of the spacecraft and the site of the solar flare associated with the origin of the SEP event (rather than the heliocentric radial distance of the observer).
3. Statistical analysis of the SEP events observed by at least two spacecraft allows us to conclude that:
a) The decrease of peak intensities and fluences with the angular distance between the flare site and the observer's magnetic footpoint can be approximated by e Àk À 0 ð Þ 2 , with k ranging between $1.3 and $1.0 rad À2 . b) Angular distributions of peak intensities and fluences are not symmetric around the longitude of the observer's footpoint but shifted toward eastern longitudes (i.e., 0 < 0 ). c) Radial dependences are weaker than those usually recommended to extrapolate particle intensities to distances R < 1 AU. Radial indices (listed in Tables 3 and 4) vary with particle energy between n ¼ À2:7 and À1.9 for 4-13 and 27-37 MeV proton peak intensities, respectively, and n ¼ À2:1 and À1.0 for 4-13 and 27-37 MeV proton event fluences, respectively. 4. Analysis of SEP events observed by two spacecraft with close magnetic footpoints show 4-13 MeV proton peak intensities measured in the initial component of the events that vary with radial distance between R À1:2 to R À1:6 , whereas 27-37 MeV proton peak intensities are similar in value between $0.35 and $1 AU, i.e., $R 0 .
In summary, the use of the previously suggested radial dependences may overestimate particle intensities and fluences extrapolated inward from near-Earth observations to distances R < 1 AU. Our results show that the requirements for radiation protection for missions to R < 1 AU are not as severe as previously thought. The upcoming multispacecraft Solar Terrestrial Relations Observatory (STEREO) mission will allow us to determine with better accuracy the longitudinal distribution of peak intensities and fluences (but still at distances close to 1 AU ). Our results will also be useful in both designing future missions, such as the Inner Heliospheric Sentinels planned by NASA (Szabo 2005) and the Solar Orbiter planned by ESA ( Marsden & Fleck 2003) , by estimating the radiation environment within which these spacecraft will be embedded. Models of SEP acceleration and transport in the interplanetary medium (the state of the art of these models has been recently reviewed by Lee 2005) should carefully consider how the continuous injection of energetic particles by traveling interplanetary shocks varies with radial distance and along the shock front as the shocks move away from the Sun. Multispacecraft observations of SEP events at different radial and longitudinal distances will help us constrain the free parameters used in these models.
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